We present the results of our study on the hard X-ray properties of the NuSTAR blazars. We carried out timing, spectral and cross-correlation analysis of 31 NuSTAR observations of 13 blazars. We investigated the spectral shapes of the sources using single power-law, broken power-law and log-parabola models. We found that for most of the sources the hard X-ray emission can be well represented by single power-law model; and that the spectral slopes for different blazar sub-classes are consistent with so called "blazar sequence". We report a steepest spectra (Γ ∼ 3 ) in the BL Lacertae PKS 2155-304 and a hardest spectra (Γ ∼ 1.4 ) in the flat-spectrum radio quasar PKS 2149-306. In addition, we noted a close connection between the flux and spectral slope within the source sub-class in the sense that high flux and/or flux states tend to be harder in spectra. We also found the signatures of soft and hard lags of a few hours, and a complex relation between the flux and the hardness ratio. Using the minimum variability timescales, we infer the distribution of the emission region sizes. In BL Lacertae objects, assuming particle acceleration by diffusive shocks and synchrotron cooling as the dominant processes governing the observed flux variability, we constrain the magnetic field of the emission region to be a few gauss; whereas in flat-spectrum radio quasars, using external Compton models, we estimate the energy of the lower end of the injected electrons to be a few hundreds of Lorentz factors.
INTRODUCTION
Blazars, a subclass of active galactic nuclei (AGN), are radio-loud sources with their relativistic jets closely aligned to the line of sight. The Doppler boosted nonthermal emission is highly variable over a wide range of spatial and temporal frequencies. The broadband spectral energy distribution (SED) of blazars features two distinct spectral peaks: The lower peak, usually observed between the radio and the X-ray, is widely accepted to be result of the synchrotron emission by the energetic particles; however, the origin of high energy component, mostly peaking between UV to γ-ray, is still debated. There are two widely discussed models based on the origin of seed photons: According to synchrotron self-Compton (SSC) model (e.g. Maraschi et al. 1992; Mastichiadis & Kirk 2002 ) the same population of the electrons emitting synchrotron radiation up-scatters the softer photon to high energy; whereas in external Compton (EC) model the seed photons for the Compton upscattering are provided by the various components of an AGN e.g. accretion disk (AD; Dermer & Schlickeiser 1993) , broad-line region (BLR; Sikora 1994) and dusty torus (DT; B lażejowski et al. 2000) .
Blazars consists of further two sub-classes: flatspectrum radio quasars (FSRQ) and BL Lacertae (BL Lac) sources. FSRQs are more luminous sources which show emission lines over the continuum; and they have the synchrotron peak in the lower frequency. As the sources are found to have abundant seed photons due email: gopalbhatta716@gmail.com 1 Astronomical Observatory, Jagiellonian University, ul. Orla 171, 30-244 Kraków, Poland 2 Taras Shevchenko National University of Kyiv, Akademika Hlushkova Ave, 4b, 02000 Kyiv, Ukraine to accretion disk, BLR and dusty torus, the high energy emission is most likely due to EC process, as opposed to SSC (Ghisellini et al. 2011) . BL Lac objects constitute less powerful sub-class having weak or no emission lines over the continuum, and the synchrotron peak in them lies in the higher part of the spectrum. BL Lacs represent an extreme class of sources with an excess of high energy emission (hard X-rays to TeV emission) resulting from the synchrotron and inverse-Compton processes. However, their apparent low luminosity could be due to lack of strong circum-nuclear photon fields and relatively low accretion rates. BL Lac sources can have further sub-division based on the frequency of the synchrotron peak (ν s ): high-energy peaked BL Lacs (HBL; ν s > 10 15 Hz), intermediate-energy peaked BL Lacs (IBL; 10 14 < ν s < 10 15 Hz) and low-energy peaked BL Lacs (LBL; ν s < 10 14 Hz) (see Abdo et al. 2010 ). In the unifying scheme known as "blazar sequence" as we move from FSRQ to HBL, bolometric luminosity decreases but γ-ray emission increases (Fossati et al. 1998; Ghisellini et al. 2017) . This means HBL sources are synchrotron dominated, while FSRQs are γ-ray dominated. In other words, with the increase in their bolometric luminosities, blazars become "redder" and "Compton dominant" as the ratio of the luminosities at the Compton peak to the synchrotron peak frequency increases.
Blazar continuum emission is characterized by broadband emission which is variable on diverse timescales. The variability timescales can be long-term (years to decades), short-term (weeks to months) and intraday/night (minutes to hours). Long-term variability most likely arises due to variable accretion rates; shortterm flaring episodes lasting a few weeks could be due to the shock waves propagating down the jets; and the low- amplitude rapid variability known as intra-day variability might arise due to the turbulent flow of the plasma in the innermost regions of the jets (e.g. Bhatta et al. 2013; Cawthorne 2006; Lister & Homan 2005; Hughes et al. 1998; Marscher & Travis 1996) . In general, the variability shown by AGNs appears predominantly aperiodic in nature, although quasi-periodic oscillations on various timescales have been detected for a number of sources (see Bhatta 2017; Bhatta et al. 2016c , and references therein) Blazar variability in the X-ray bands has been extensively studied using numerous instruments over the past several decades. In a study including a large sample of BL Lac sources observed with Einstein Observatory Imaging Proportional Counter (IPC), the source spectra were well described by single power-law model with spectral slope indexes (α X ) in the range of 0.1-0.5 (Worrall & Wilkes 1990 ). The soft X-ray study of a sample of radio selected BL Lacs (RBL; Urry et al. 1996) and X-ray selected BL Lacertae objects (XBL; Perlman et al. 1996) using ROSAT Position Sensitive Proportional Counter (PSPC) showed that the 0.2-2.0 keV spectra of the sources could be well described mostly by single power-law with α X between 0.5 -2.3. The single powerlaw and the broken power-law models were successfully used to describe the X-ray spectra from various instruments such as Advanced Satellite for Cosmology and Astrophysics (ASCA) (e.g. Kubo et al. 1998) , BeppoSAX (Wolter et al. 1998; Padovani et al. 2002) , European Xray Observatory Satellite (EXOSAT) (e.g. Sambruna et al. 1994 ) and the ROentgen SATellite (ROSAT) observations (e.g. Perlman et al. 1996; Urry et al. 1996) . In the ASCA spectra of 4 FSRQs, Sambruna et al. (2000) found steep (Γ X ∼ 2 − 2.5) soft X-ray (0.2-2.4 keV) photon indexes similar to those observed in synchrotrondominated BL Lac objects; and the spectra were found to be consistent with power-law models. However, the ASCA spectra were observed to be flatter than their ROSAT spectra. Similarly, in some cases continuously curved, log-parabola model provided better representation for the X-ray spectral distribution of some sources (Donato et al. 2005) . Also, Massaro et al. (2004a,b) found the log-parabola as the best model for the characterization of X-ray spectra of Mrk 421 and Mrk 501 in their multiple flux states. Spectral curvature have also been detected in the XMM-Newton spectra of a number of X-ray bright BL Lac objects from the Einstein Slew Survey (see Perlman et al. 2005 ) and several BeppoSAX blazars (see Donato et al. 2005) . Using Swift/XRT spectra of a sample of TeV blazars, Wierzcholska & Wagner (2016) decomposed the synchrotron and the inverse Compton components. Furthermore, in a few sources a linear relation between the flux and the hardness ratio, also called harder-when-brighter trend, has been reported by Zhang et al. (2005 Zhang et al. ( , 2006 . Similarly, soft and hard lags were observed during the correlation study between the emission in different X-ray bands (e.g. Fossati et al. 2000a; Zhang et al. 2006 ). In addition, hysteresis loops in the spectral index and flux intensity plane have been reported (e.g. Ravasio et al. 2004; Falcone et al. 2004; Brinkmann et al. 2005) . To sum up, these studies over the decades suggest that the sources exhibit high amplitude rapid variability on diverse timescales ranging from a few hours to a few months, and that the nature of the X-ray blazar spectra in various energy bands behaves in a variable and complex fashion.
Recently, several sources have been observed in the hard X-ray regime by Nuclear Spectroscopic Telescope Array (NuSTAR), mostly to complement the contemporaneous multi-frequency observing campaigns: Madsen et al. (2015) described the NuSTAR spectra of the blazar 3C 273 by an exponentially cutoff power-law with a weak reflection component from cold, dense material; the spectra revealed an evidence of a weak neutral iron line as well. In the NuSTAR observations of the FSRQ 3C 279, Hayashida et al. (2015) observed a spectral softening by ∆Γ X ≈ 0.4 at ∼4 keV between the two observation epochs. Blazar S5 0836+71 was found to be highly variable in hard X-ray during the broadband study by Paliya (2015) . Similarly, Furniss et al. (2015) found that the combined Swift and NuSTAR of the blazar Mrk 501, during both a low and high flux state, could be well fitted by a log-parabolic spectrum. In the combined NuSTAR and Swift/XRT spectra of S5 0716+714, Wierzcholska & Siejkowski (2016) reported a break energy at ∼8 keV revealing both low and high energy components. Sbarrato et al. (2016) in their study of the two high red-shifted blazars, S5 0014+81 and B0222+185, concluded that the two sources harbored the most luminous accretion disk and the most powerful jet, respectively, placing them at the extreme end of the disk-jet relation for γ-ray blazars. Rani et al. (2017) observed rapid hard X-ray variability on hour timescales in a few blazar sources. Similarly, Pandey et al. (2017) reported the instances of intraday variability in the NuSTAR light curves of a number of TeV blazars, and also noticed a general harder-whenbrighter trend.
In this paper, we explore the nature of the hard Xray variability properties of a number of blazar sources, including both BL Lacs and FSRQs, by carrying out timing, spectral and cross-correlation analyses of the NuS-TAR observations. We organize our presentations in the following way: In section 2, the observation and the data processing of 31 NuSTAR observations of 13 blazar sources are discussed. We present our timing, spectral and cross-correlation study on the light curves and the spectra in section 3. In Section 4, we report several interesting observational features such as rapid flux and spectra variability, a connection between higher flux and harder spectra, and hard and soft lags; and discuss the observed features in the light of current blazar models. Finally we summarize our conclusions in Section 5.
OBSERVATIONS AND DATA REDUCTION
2.1. Source Sample We selected the sample sources from the NuSTAR archive that were classified as blazar sources. Moreover, only the observations with observation period greater than 10 kilo-seconds (ks) and carrying the issue flag 0 were included in the study. The name, class, position and red-shift for the sources are listed in which are also TeV blazars. The red-shift of the sources has a diverse range from the nearest one (z=0.0334; Mrk 501) to the farthest one (z=3.366; S5 0014+81).
NuSTAR Observations
Nuclear Spectroscopic Telescope Array (NuSTAR) is a sensitive hard X-ray (3 -79 keV) instrument with two focal plane modules: FPMA and FPMB. The observatory operates within the bandpass with spectral resolution of ∼1 keV. The field of view of each telescope is ∼ 13 , and the half-power diameter of an image of a point source is ∼1' (see Harrison et al. 2013) . The raw data products were processed using NuSTAR Data Analysis Software (NuSTARDAS) package version 1.3.1. We reduced and analyzed the observations using HEASOFT 4 version 6.21 and CALDB version 2017-06-14. By using the standard nupipeline script, calibrated and cleaned event files were produced. Source flux and spectra were extracted from a region of 30" radius centered around the source location, and the background was extracted from a 70" radius region relatively close to the source but also far enough to be free from contamination by the source. The light curves were generated using a time bin of 15 minutes. Similarly, in order to have at least 30 counts per channel, the spectra were re-binned using the task grppha.
ANALYSIS
The NuSTAR observations of the blazar sources discussed in this paper along with their observation ID and observation dates are listed in Table 2 . The light curve of the source 3C 279 (obs. ID: 60002020002), displaying modulations in the hard X-ray emission, is presented on the top panel of Figure 1 . To see the spectral states of the individual flux points, the plot symbols are colorcoded according to the hardness ratio (defined below). The light curves for the other observations are presented similarly in the on-line material. In order to examine the hard X-ray variability properties of the sample sources, we performed timing, spectral and cross-correlation analyses which are discussed below.
Flux variability
Most of the observations for the sample sources were found to be rapidly variable within the observation period. The observed variability is quantified by defining two measures: Variability amplitude (VA) measuring the peak-to-peak flux oscillations is given as
where F max and F min are the maximum and minimum flux in counts/sec. This kind of variability measure, derived only from the extreme fluxes, may not represent the overall variability. In such case, fractional variability (FV; see Vaughan et al. 2003; Aleksić et al. 2015) , which considers all the fluxes in the light curve, may be more suitable measure to represent the observed variability. Following Burbidge et al. (1974) , the minimum timescale of such variability is determined using the expression
where ∆t is the time interval between flux measurements (see also Hagen-Thorn et al. 2008) . All these quantities characterizing flux variability in the sources i.e. fractional variability, variability amplitude and variability timescales for the source sample are listed in the 6, 7, and 8th column, respectively, of Table 2 . Now, using the causality argument, the minimum variability timescale τ var can be used to estimate the upper limit for the minimum size of the emission region (R) as given by
where δ, Doppler factor, is defined as δ = (Γ (1 − βcosθ)) −1 ; and for the velocity β = v/c the bulk Lorentz factor can be written as Γ = 1/ 1 − β 2 . Here it is assumed that the emission originates from the innermost regions of the blazar jets which move with high speeds along the path that makes an angle, θ, with the line of sight. For a moderate value of δ = 10, the distribution of the emission region sizes are shown in Figure  2. 3.2. Spectral Analysis: Hardness Ratio and Spectral Fitting To study the spectral variability of the X-ray emission from the sources, the source light curves are produced in two energy bands: a soft band between 3-10 keV and a hard band between 10-79 keV. Then we define hardness ratio (HR) as
where F hard and F sof t are the flux in count rates in the hard (10-79 keV) and soft (3-10 keV) bands, respectively. The hardness ratio is a commonly used modelindependent method to study spectral variations over time and flux states. In this work, we particularly examine the relation between flux and HRs over the observation period to constrain the underlying physics. The middle panel of Figure 1 shows the flux hardness ratio plot for the source Mrk 501 (obs. ID: 6000202400), with clearly visible harder-when-brighter trend. To look for possible hysteresis loops in the flux-HR plane, the symbols were color-coded according to the time.
Spectral analysis of the NuSTAR blazars were carried out by the spectral fitting the source spectra using xspec (Arnaud 1996) models and using the χ 2 minimization statistics. The spectra from instrument FPMA and FPMB were simultaneously fitted in xspec. To ascertain the best representation of the spectral behavior, each spectrum was fitted using three spectral models: powerlaw (PL), log-parabola (LOG-PAR) and broken powerlaw (BKN-PL). The power-law model can be given as
where N, E and Γ are normalization, photon energy and photon index, respectively. Similarly, the log-parabola model having a continuous break is given by
where N 0 and E 0 are normalization and the reference energy fixed to 1 keV, respectively; and Γ and β are the photon index and the curvature parameter, respectively (see Massaro et al. 2004a) . Finally, the broken-power law is expressed as
where Γ 1 and Γ 2 represent the high-and low-energy photon indexes; and N 0 and E b are normalization and the break energy, respectively. To account for the galactic absorption tbabs (Tuebingen-Boulder ISM absorption model; Wilms et al. 2000) was multiplied with these models, while the hydrogen column density were taken from Kalberla et al. (2005) . The fitting parameters for all the observations are listed in Table 3 . Spectral fitting for the source S5 0716+714 is presented in the bottom panel of Figure 1 , and the similar figures for the rest of the observations are presented in the on-line material. The distribution of the photon indexes, resulting from the best-fit models, over the mean flux in count rates is shown in Figure 4 .
3.3. Discrete Correlation Function Cross-correlation study between emission in different energy bands offers an insight into the on-going processes at the emission sites e. g. the dominant radiative processes involved and distribution of the emitting particles. The discrete correlation function (DCF) described in Edelson & Krolik (1988) , is one of the most extensively used methods to investigate the cross-correlation between two light curves with uneven sampling. However, to normalize the DCF extremum to |1| we apply the normalization suggested by Welsh (1999) (see also Bhatta et al. 2016b ). We analyzed the correlation between the NuSTAR blazar light curves in the soft energy (3-10 keV) and hard energy (10-79 keV). The DCFs between the light curves for the sample sources are shown in Figure 3 , and the results are also tabulated in Table  4 5 . In the figure, we see that most of the cases we do not find a strong correlation between low and high energy emission at the zero lag, and in a few cases hints of hard and soft lags can be seen.
RESULTS
The results of all of the above analyses on the individual sources along with their brief introduction are presented below.
1ES 0229+200
BL Lac 1ES 0229+200 is one of the important TeV sources which has been used to study the properties of the extragalactic background light and the intergalactic magnetic field through its very high energy emission (Aliu et al. 2014 , and references therein). We examined the 38 ks long NuSTAR observation for its hard X-ray properties. The source was found to display a significant (FV∼ 13%) and rapid (τ var ∼ 0.65 ks) variability. The flux did not appear to be correlated with the HR. The source spectra were best-fitted using PL model with hard photon index, Γ X ∼ 2.
1ES 1959+650
BL Lac 1ES 1959+650, a HBL (Giebels et al. 2002 ) and a TeV blazar (see Holder et al. 2003) , was first detected in X-rays by Elvis et al. (1992) . We analyzed data for two observations: 60002055002 and 60002055004. In the first observation, we see the flux rising by the factor ∼ 2, displaying the harder-when-brighter trend. Although the fractional variability does not differ significantly from the first one, in the second epoch the light curve is relatively stable and does not display a well defined trend in the flux-HR plane. For both of the observations, LOG-PAR model with Γ X ∼2.5 best describes the source spectra. 3C 273 3C 273 is the nearest bright quasar with a radio-loud jet. Being highly variable across nearly all energies the source has been the subject of numerous broadband observation campaigns (e.g. Soldi et al. 2008; Abdo et al. 2010 ). In the optical-UV band there is a bright excess, commonly called blue bump, possibly a signature of thermal reprocessing from the accretion disk (Paltani et al. 1998) . We examined two NuSTAR observations (Obs. ID 10202020002 and 10302020002) exactly one year apart. In the first observation, we found moderate (FV ∼ 10%) but rapid variability (τ var ∼ 2.4 ks). We observe that the flux is stable and HR changes randomly; whereas in the second observation, the source became more variable with FV∼ 15% and rapid (τ var ∼ 0.3 ks) in flux and HR. In the first observation, we do not find any significant correlation between the high and the low energy emission; but in the second one, although not much significant, we see a possible hard lag of ∼4 ks. The spectra for the first observation was well fitted with BKN-PL with break energy at ∼ 13 keV; whereas for the second one PL provided better representation of the source spectra.
3C 279
Blazar 3C 279 is a FSRQ source profusely emitting in hard X-ray and soft γ-ray. The source, highly variable across a wide range of spectral bands (see Hayashida et al. 2015 , and the references therein), is one of a handful of sources detected above 100 GeV (MAGIC Collaboration et al. 2008) . The source reveals a compact, milliarcsecond-scale radio core ejecting radio knots with a bulk Lorentz factor, Γ = 15.5 ± 2.5 along the direction making an angle, θ obs = 2.1 ± 1.1
• , to the line of sight (Jorstad et al. 2005 (Jorstad et al. , 2004 . Our study on two NuSTAR observations show that source displays moderate variability in hour-like timescales, the correlation between soft and hard emission showed a hard lag by 1.2 ks, particularly distinguished (DCF ∼ 0.75) in the first observation (obs. ID: 60002020002). We could not see any clear trend in flux-HR plane. Of the three spectral models, PL model with Γ X ∼ 1.7 seemed to fit both the spectra accurately.
B0222+185
Blazar B0222+185 has been widely studied by X-ray instruments, e.g. Swift/BAT (Ajello et al. 2012; Baumgartner et al. 2013 ). In the hard X-ray study, it was found to be one the most powerful blazars ever observed (Sbarrato et al. 2016) ; the optical flux showed an evidence for the thermal emission from the accretion disk (Ghisellini et al. 2010) . Of the sources discussed in this paper, it is the most distant source at the redshift of 2.69. We studied two NuSTAR observations spanning 61 and 70 ks. In the light curves, the flux points appear to be scattered showing no coherent variability pattern. Similarly, no clear trend in the flux-HR plane can be observed. The correlation between the soft and hard emission shows a sign of hard lag of a few ks with DCF ∼ 0.5. The PL model best-fits the spectra for both the observations with χ 2 /dof ∼ 1.
HB 0836+710 Source HB 0836+710 is a high-redshift blazar, extensively studied in multi-band emission (see Akyuz et al. 2013 , and reference therein). The source is identified with a prominent kpc-scale radio jet (Hummel et al. 1992) . The optical-UV spectrum is dominated by thermal emission from the accretion disk (Ghisellini et al. 2010) , and the γ-ray emission region is found to be located ∼ 35 pc away from the central engine (Jorstad et al. 2013 ). In the two NuSTAR observations which we examined, the source showed rapid variability with the variability timescales as small as ∼ 0.7 ks. The second observation shows a systematic modulation of flux-HR plane. However, the DCF values ∼ 0.3 and ∼0.4 at the zero lag show that there is not much correlation between the low and high energy emission. For the first and second observations PL and LOG-PAR models, respectively, were fitted.
MRK 501
Mrk 501, shining bright in X-ray, is one of the most favored targets for multi-frequency observations (see Furniss et al. 2015 , and references therein). We studied 4 NuSTAR observations between April to July 2013. The light curve of the first observation (Obs. ID: 60002024002) showed low variability (fractional variability ∼ 5% ) and no clear trend in hardness ratio variability. In the second observation (Obs. ID: 60002024004), the overall flux followed a rising trend for ∼47 ks and later declined during remaining 8 ks; the source displays significant variability with FV ∼17%. The harderwhen-brighter behavior is clearly visible in the flux-HR plane as shown in Figure 1 (middle panel). During the third observation (60002024006) the source is nearly twice brighter than in the other observations but with decreased variability (FV ∼ 5% ). The last data set for Mrk 501 (60002024008) shows the source getting fainter with random flux-HR trend. The spectra are fitted well with different models for different observations (refer to Table 3 ).
PKS 2149-306 PKS 2149-306 is a X-ray bright FSRQ often marked by dramatic flux and spectral variability as observed by most of the X-ray telescopes (see D'Ammando & Orienti 2016, and references therein). In both of the NuS-TAR observation we studied, the source showed significant variability (FV ∼10%) in the timescale of a few hours. In the first observation, we see a soft lag of 2.1 ks and harder-when-brighter trend whereas in the second there is no much correlation between the low and high energy emission, and a complex flux HR relation was observed. For both the observations, the source spectra were fitted with PL having flattest photon indexes of ∼ 1.4. PKS 2155-304, one of the brightest HBL blazars and widely studied in X-ray bands (see Madejski et al. 2016 , and references therein). The source is known to frequently exhibit rapid variability in the X-ray bands on hourly timescales (e.g. Rani et al. 2017; Tanihata et al. 2001; Zhang et al. 1999 ). We analyzed 9 NuSTAR observations between July 2012 to October 2013, and found that the source displayed several interesting features including large fractional variability (∼ 27%) and the most rapid variability with smallest variability timescale ∼0.08 ks. Besides, in three of the observations, the flux changes by twice within a few hours. However, the flux-HR relation does not show any obvious trend. The spectra for different observations were fitted with all three models i. e., PL, LOG-PAR and BKN-PL models, separately, while the photon indexes ranged between ∼2.5 -3.0. We noted that with Γ X ∼ 3.0 the source displayed one of the steepest spectra usually found in any BL Lac objects.
PKS 2155-304

S5 0014+81
FSRQ S5 0014+81, detected by multiple X-ray instruments, is considered the most powerful blazars ever observed (see Sbarrato et al. 2016 , and references therein). The high-redshift blazar reveals contributions due to thermal emission from the accretion disk in its optical continuum (Ghisellini et al. 2010 ). We looked into two NuSTAR observations separated by one month. The first observation (Obs. ID: 60001098002) shows one of the largest variability with FV∼ 30% and most rapid (τ var ∼0.25 ks) variability timescale within 46 ks observation period; while the second observation shows a moderate variability (FV ∼ 14%) within 39 ks. No obvious trend in flux-HR plane could be observed. While in the first observation, we do not see any significant correlation between the low and high energy emission, in the second observation we found a hint of hard lag of 0.9 ks. The spectra for the first observation is fitted with BKN-PL with a break at ∼ 20 keV energy, whereas for the second one power-law model with Γ X ∼ 1.7 is fitted well.
BL LAC
BL Lac is a proto-type source of the class with the same name. The source has been observed by several multi-wavelength campaigns (see Raiteri et al. 2013 , and the references therein). The 42 ks long NuSTAR observation, we examined, showed large (FV∼ 25%) and rapid (τ var ∼ 0.5 ks) variability. However, HR did not appear to be correlated with the flux. We observed a relatively smaller correlation (∼ 0.36) between the high and low energy emission at the zero lag. The source spectra, best-fitted with BKN-PL model, revealed a break at ∼ 33 keV energy.
PKS 1441+25
PKS 1441+25, a TeV blazar, has been detected in very high energy (VHE) γ-rays by VERITAS and MAGIC (see Abeysekara et al. 2015) . The source showed rapid variability when flux doubled within a few hours; and it also exhibited one of the most rapid (τ var ∼ 0.3 ks) and largest variability (FV ∼ 26%) observed within the observation period of 72 ks. We did not see a simple correlation between the flux and the hardness ratio, and there was no apparent correlation (DCF ∼ 0.00) between the low and high energy emission at the zero lag. The spectrum was fitted well with a PL model with photon index ∼ 2.
S5 0716+714
S5 0716+714 is one of the best studied sources across broad bands. The TeV source is widely famous for its variability with almost 100% duty cycle (see Bhatta et al. 2016b , and the references therein). In the NuSTAR observation we studied, the source showed rapid variability; the flux nearly doubled within the observation period of 32 ks. In addition, significant average flux variability (FV ∼ 15%) with 0.8 ks variability timescale was noticed. However, we could not detect any obvious HR-flux relation; however, the correlation between the high and low energy emission revealed a possible hard lag of 3.25 ks with DCF value ∼ 0.5. The spectrum was fitted using LOG-PAR model with Γ X ∼ 1.9.
DISCUSSION
In this section, we attempt to explain the results of the above analyses in the light of the existing blazar models.
Rapid Hard X-ray Variability
Hard X-ray observations offer a direct access to the heart of an AGN revealing important processes occurring at the innermost regions of the central engine. The variable hard X-ray emission in AGN is considered to originate at the corona, a compact region above the accretion disc. Hard X-ray emission from most of the AGNs mainly consists of three components: soft-access, neutral iron line and the Compton hump; and in Seyfert I type galaxies these components are distinctly observed in their spectra (e.g. see Walton et al. 2014) . However, in case of blazars, as the Doppler boosted jet emission is dominant over the coronal emission, the spectra exhibits pure power-law shapes devoid of emission or absorption features. Hard X-ray variability in blazars over various timescales could be resulted by the up-scattering of the soft photon fields located at various geometrical components of an AGN including accretion disk, jets, dusty torus, and BLR.
In particular, the profile of the temperature of the accretion disk, in the context of α-disk is approximately given by
(for the meaning of the relevant symbols see Peterson 1997) , where the gravitational radius is given by r g = GM/c 2 . For spherically symmetric Schwarzschild black hole, the innermost stable circular orbit (ISCO) lies at r ISCO = 6r g ; whereas for maximally spinning Kerr black hole at r ISCO = r g . As given by Equation 8, the frequency of the thermal emission from the ISCO regions of the AGN with black hole masses in the range 10 8 − 10 10 , accreting at the Eddington (ṁ/ṁ Edd = 1.0) and sub-Eddington (ṁ/ṁ Edd = 0.1) rates are shown in Figure 7 . It is seen that in general AGNs appear redder with increasing mass; and that for most of the AGNs with masses ∼ 10 8 − 10 10 the accretion disk produces intense UV photon field. These UV photons could be up-scattered to hard X-rays by hot coronal electrons accelerated in the presence of magnetic fields. Consequently, any modulation of the photon filed, coronal electron population (or energies) and magnetic filed in situ can produce the hard X-ray variability which can propagate along the jets. Besides, the distribution of the emission region sizes, as presented in Figure 2 , points out that such variability originates in the compact (∼ 10 12 cm) volumes of the sources.
Alternatively, the rapid flux variations could be explained as the emission from the shocked regions in the blazar jets viewed close to line of sight (e.g. Marscher & Gear 1985; Spada et al. 2001; Joshi & Böttcher 2011) . The non-thermal emission modulations can also be attributed to various instabilities in the jet e.g. turbulence behind the shocks (see Bhatta et al. 2013; Marscher 2014) .
In HBLs, the hard X-ray emission is probably due to the high-energy tail of the synchrotron emission from the large scale jets. The variable emission then can be related to the particle acceleration and synchrotron emission by the electrons of the highest energy. In such scenario, the variability timescales can be directly linked with the particle acceleration and cooling timescales. To estimate the synchrotron cooling timescale, i. e. cooling due to synchrotron emission, we define t cool =(Energy of an electron)/(Synchrotron power loss) =γm e c 2 /P syn . This gives
where we use β ∼ 1 considering ultra-relativistic electrons. We note that such energy dependent cooling timescale can produce more rapid variability at hard Xray energies than at soft X-ray energies. If we assume that the cooling takes place mainly due to synchrotron process, and that the most of the synchrotron emission is emitted in the NuSTAR energy band (∼ 15 keV; logarithmic mean of the NuSTAR range), then following Zhang (2002) , magnetic field corresponding to the cooling timescales can be given as B = 2.09 × 10 2 (1 + z)
where E is the energy of the observed photons expressed in keV, and B and δ are the magnetic field and the Doppler factor of the emitting region, respectively. Similarly, assuming the particle acceleration due to diffusive shock acceleration e. g. Blandford & Eichler (1987) , magnetic field corresponding to the particle acceleration timescales can be given as
where ξ is the acceleration parameter indicating the acceleration rate of electrons. For moderate δ and z=1, the curves showing the relation between the magnetic field and the acceleration and synchrotron cooling timescales, within the NuSTAR band, are presented in Figure 8 . It is interesting to note that for a reasonable ξ = 0.2 × 10 5 , the cooling curves closely follow the acceleration curves. From these curves, it can be inferred that for the given variability timescales of a few hours as seen in the source (refer to Table 2 last column), reasonable value of the magnetic field could be in the order of a few Gauss. Once we constrain the magnetic field, we can also estimate the energy of the high-tail synchrotron emitting electrons. Assuming most of the emission is concentrated near the maximum synchrotron frequency ν s (in Hz), it can be expressed as
Using B=1 G, the Lorentz factor for the highest energy electrons can be estimated as γ max ∼ 2 × 10 3 . In powerful FSRQs, the hard X-ray could be resulted from a number of processes such as synchrotron radiation of pair cascades powered by ultra-relativistic protons, synchrotron radiation by ultra-relativistic protons and inverse-Compton scattering of the external soft photons (see Sikora et al. 2009 , and references therein). In the more likely EC scenario, the IC cooling timescale, depending on the energy density of the external photon field and the electron energy, can be written as
Now, the external photon field can be attributed to hot dusty torus (HDR), broad line region (BLR) or even the accretion disk. As a more realistic example, assuming that HDR with monotonic photon field energy hν 0 =0.1 eV (in infra-red range) poses for the U ext , and that the most of the IC emission lies within the NuSTAR band, the energy of the injected electrons in the source rest frame can be estimated using ν ∼ γ 2 ν 0 , where ν 0 and ν are the frequencies of the soft and up-scattered emission, respectively. In such a scenario, the energy of the lowertail of the high energy particles turns out to be ∼ 340 Lorentz factors. On the other hand, the up-scattering of BLR photons with ∼ 10 eV could more likely be the origin of γ-rays (see Böttcher & Els 2016) Figure 5, presenting the distribution of the FV over the photon indexes, suggests that the sources tend to be more variable in their steeper spectral states. The tendency looks more pronounced in FSRQs as indicated by the apparent better linear-fit (black dashed line) considering only the FSRQs (black symbols). In combination with the close relation between high flux and harder photon index seen in Figure 4 (discussed more in Section 5.3), this indicates that the observed overall variability could be dominantly contributed by the softer photons. The idea also seems to be reflected in Figure 6 which shows more rapid variability timescales for fainter flux states. As also seen in Figure 5 , the relation between FV and Γ in BL Lacs does not look as distinct as in the FSRQs, as suggested by the relatively poor linear-fit (dashed red line). It is possible that the relation might have been diluted in BL Lacs due to the rapid synchrotron cooling timescales for more energetic particles contributing to more energetic photons, and hence the opposite trend i.e. indicative of energetic photons being more variable.
Alternatively, the hard X-ray variability exhibited by the sources can be related to extrinsic effects e.g. rapid swing in the angle of the emission regions about the line of sight. A small deflection in viewing angle and/or bulk Lorentz factor leading to change in Doppler factor can also result in a large flux variations, in the order of the variability amplitudes displayed by the sources as listed in the 6th column of Table 2 . (for detailed discussion refer to Ghisellini et al. 1997; Bhatta 2017) .
Flux Hardness Ratio Relation
We explored the relation between flux and the hardness ratio in the source by plotting one against another. However, we did not observe any obvious correlation between the flux and the hardness ratio that could be applied to all the observation. Only in one case (see Figure  1 , middle panel), we could observe a clear evidence of harder-when-brighter within the observation period. We also looked for the sign of hysteresis loops in the flux-HR plane. However, no such loops could be found.
In blazars, the nature of the correlation between the flux and the spectral state, so far, is somewhat uncertain. In the optical band, bluer-when-brighter tendency is more associated with BL Lacs in the intra-day timescales, whereas redder-when-brighter trend seems to be frequently observed in FSRQs . In γ-ray regime also blazars were found to behave in the similar fashion i.e., in some cases the spectrum hardens with the source intensity and in other cases the spectrum softens with the flux enhancements (see Bhatta 2017 , for the discussion). The bluer-when-brighter trend seen in the NuSTAR observation of Mrk 501 (Figure 1, middle panel) could be due to local enhancements of the magnetic field in the jets leading to elevated synchrotron emission with an excess of hard photons. Figure 4 shows the distribution of the photon indexes of the best-fit models over the mean fluxes. The distribution clearly distinguishes the photon indexes for FSRQs and HBLs. It can be seen that the spectral indexes α x (α x = Γ x −1) for the HBLs are steep ranging from ∼ 2-1 and the ones for the FSRQs are ∼ 1-0.3. These results are consistent with the previous similar works (e.g. Donato et al. 2005; Tramacere et al. 2007 ). Although, there are only two IBLs, their α x s in appropriate place in the figures between the Γ x s for HBLs and FSRQs. The results are consistent with the standard blazar paradigm, so called blazar sequence, that in the high energy regime the FSRQs with large Compton dominance (Padovani et al. 1997 ) exhibit harder spectra in comparison to the BL Lacs (in present case TeV blazars). The BL Lacs in general are dim possibly due to the sub-Eddington accretion rates; and they are usually identified with flatter spectra in the hard X-ray/γ-region. Figure 4 also suggests a close connection between the flux and spectral slope within the source class in the sense that high flux and/or flux states tend to be of harder spectra. This might indicate that high flux and/or flux states are most likely linked to more fundamental parameters such as mass accretion rate and disk efficiency; and the hard X-ray flux modulations seen in the sources are possibly triggered at the innermost regions of the central engine.
Spectral shapes and photon index distribution
5.4. Correlation between low and high energy emission As we examined the correlation between the low and high energy emission by the sources, there does not seem to be a single behavior that can be generalized for all the observations. Instead, all kinds of relation are observed: In some cases there is a strong correlation between the emission in the two energy bands, whereas in some cases they appear completely uncorrelated as indicated by their low DCF values at all lags. Similarly, we also observed possible signatures of hard and soft lags. However, due to the Poisson noise like behavior of the variability, it is hard to be conclusive. The apparent uncorrelated energy bands might be the result of emission from completely unrelated population of the particles, or reflection from the uncorrelated regions of varying sizes (similar to Tanihata et al. 2000) . On the other hand, the hard and soft lags can be interpreted within the framework of the particle injection and synchrotron cooling at the emission sites (see Kirk et al. 1998; Zhang 2002 ). In such a frame work, depending upon whether the cooling or the particle acceleration mechanism dominates the variability processes, the soft and hard lag , respectively, can be expected (for details see Zhang 2002).
CONCLUSION
We analyzed the 31 NuSTAR observation for 13 blazars including 7 FSRQs, 4 HBLs, and 2 IBLs. The source displayed high amplitude rapid variability within a timescale of a few hours; the variability timescales range from 0.08 to 5.22 ks, whereas the FV range from ∼5-38 %. In one occasion, the relation between the hardness ratio and the flux could be dubbed as harder-whenbrighter trend, but in general the relation between the flux and the HR seemed more complex. Similarly, we did not detect any trend in the correlation between the hard and soft energy emission that could be generalized for all the observations. We also found the hints of the presence of soft and hard lags by a few hours. For most of the observations, PL model seems to be the best representation of the NuSTAR blazar spectra, although some of the source spectra were better fitted with log-parabola and broken power-law models. Moreover, the distribution of the spectral slopes appear consistent with the current blazar paradigm in which the HBLs possess the steepest and FSRQs have the flattest spectral slope. In addition, we detected close connection between the photon indexes and the mean flux states that could been seen within the blazar sub-classes. We also noted that the sources tend to be more variable in their steeper spectral states. However, the last feature should be explored further involving a larger sample of blazars.
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